ABSTRACT Carbachol was injected into a presynaptic cholinergic neuron in the buccal ganglion of Aplysia and the quantal aspects of the ClP-dependent postsynaptic response to a prolonged stimulation were analyzed by a statistical fluctuation method. The calculated amplitude of the miniature postsynaptic current was increased with respect to control. Statistical fluctuation analysis was also used to analyze the postsynaptic response obtained during ionophoretic application of acetylcholine and carbachol. The calculated unitary channel current was found to be greater for carbachol than for acetylcholine. This increase could explain the larger miniature postsynaptic current seen after intracellular injection of carbachol into the presynaptic neuron if carbachol was released at the synapse as a false transmitter. This conclusion was supported by the observation that it was possible to restore transmission at a synapse previously blocked by presynaptic intracellular injection of acetylcholinesterase with a presynaptic injection of carbachol.
The specificity of the synaptic release mechanism is not absolute and substances with molecular formulae relatively close to the natural transmitter can be liberated. At cholinergic synapses, precursors like homocholine, monoethylcholine, and triethylcholine are taken up by cholinergic nerve terminals, acetylated, and released as false transmitters. This property has been used as a tool to understand the mechanism of transmitter release (1) (2) (3) (4) .
We have investigated whether the well-known acetylcholine (AcCho) analogue, carbachol (carbamoylcholine chloride) can be released at a cholinergic synapse. Carbachol has the interesting property of not being hydrolyzed by acetylcholinesterase (AcChoE) and as such can be used as a pharmacological tool in the presence of large quantities of this enzyme. Carbachol is not taken up by cholinergic terminals and having no acetyl group, it cannot be synthesized in the cytoplasm. We have overcome this difficulty by injecting carbachol into a presynaptic cholinergic neuron of Aplysia buccal ganglion. We have found that it can act as a false transmitter and can also replace AcCho at a synapse previously blocked by intracellular injection of AcChoE (5) .
MATERIALS AND METHODS
Experiments were performed at room temperature (20- (6) . The pre-and postsynaptic cells were each penetrated by two separate low-resistance 3 M KCI-filled electrodes (1-5 MW). Transmission was studied by using a method described by Simonneau et aL (7) . Both pre-and postsynaptic cells were simultaneously voltage clamped to holding potentials of -50 mV and -80 mV, respectively. In the presence of TTX (0.1 mM), a 3-s step depolarization of the presynaptic neuron induced a postsynaptic response (LDIPSC, long depolarization-induced postsynaptic current), which showed fluctuations or "noise. " The amplitude of the miniature postsynaptic currents (MPSC) was calculated by using Campbell's theorem, in which the size of the unitary element or individual MPSC (i) is related to the variance of the noise (E2) and the mean observed current change (I) by the equation: i = 2E2/I (8).
Agonists were ionophoretically applied to the cell body of the postsynaptic neuron bearing AcCho receptors (9) . The same equation was used to calculate the current crossing a single channel opened by AcCho or carbachol, with the omission of the factor 2, because of the pulse-like aspect of the elementary current (8, 10) . In all experiments, the null potential (-40 to -55 mV) of the postsynaptic responses was continuously monitored and the currents were expressed as conductance.
A Fourier transform was used to calculate the power density spectra from which the decay time constant of the MPSC and the channel open time were estimated (7). As previously shown, the MPSC spectra could be approximated by single Lorentzian curves (7) , whereas spectra of Cl-channel noise could only be fitted by double Lorentzians (11, 12) . Thus, it may be hazardous to give absolute values of the channel open time; the values reported here are indicative and concern only the slower component.
AcCho and carbachol were intracellularly injected by iontophoresis with a constant current. Postsynaptic current responses used for calculation and presented in the figures were obtained with 3-s depolarizations of the presynaptic neuron to 0 mV. However, the difference in the actions of AcCho and carbachol shown below was observed for other levels of presynaptic depolarization.
AcChoE (Worthington) was injected as a 5% solution (wt/vol) by an air pressure system (5). RESULTS 
Fig. 1 illustrates the postsynaptic responses obtained when either
AcCho or carbachol was injected into the presynaptic neuron. After a delay, both drugs increase the amplitude of the mean postsynaptic current, and this increase is related to the amount Abbreviations: AcCho, acetylcholine; AcChoE, acetylcholinesterase; TTX, tetrodotoxin; LDIPSC, long depolarization-induced postsynaptic current; MPSC, miniature postsynaptic currents.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 of the drug introduced into the presynaptic cell. Because intracellular ionophoresis increases the intracellular concentration of the drugs progressively, it is impossible to quantify the delay. Also, the final intracellular concentration reached after injection cannot be precisely calculated, as the transfer number of the injection electrode is not known. It can be estimated as being on the order of millimolar. The injected neuron showed a decrease in membrane potential, and when voltage clamped, the outward, presumably late K current was slightly decreased during the depolarizing pulse.
The LDIPSC was analyzed to estimate the size of the MPSC. Surprisingly enough, the size of the MPSC was clearly larger after injection of carbachol than after injection of AcCho. Indeed, comparing LDIPSC having the same mean current amplitude before and after injection, the calculated mean MPSC did not change after AcCho injection but clearly increased after carbachol injection (Fig. 1) . The usual increase observed in five experiments was about 35% after a 30-min injection with 50-nA current and about 70% after a 60-min injection. On the contrary, the calculated decay times (mean ± SD) (14 ± 2 ms) of the MPSC did not show any significant change. The increase in the MPSC amplitude after carbachol injection does not account totally for the increase of the LDIPSC. The number of quanta released after carbachol injection approximately doubled after allowances were made for the increase in size of the MPSC and LDIPSC.
Rather than considering the increase in MPSC as resulting from an increase in the size of individual packets of AcCho, we thought that it could reflect a difference in the postsynaptic effect of released carbachol. One reason for the increased MPSC amplitude may be that carbachol (not being hydrolyzed by AcChoE) would have, if released by the presynaptic cell, a more potent effect on the postsynaptic receptors. However, it was reported that at the same synapse in the buccal ganglion, removal of AcCho from the synaptic cleft was not closely related to the enzymatic action of AcChoE (11 (14) . Another possible mechanism responsible for the increase in MPSC amplitude after carbachol injection could reside in a facilitatory action of a "leakage" or a nonquantal release of carbachol, shifting the sigmoid amplitude/concentration curve of released AcCho to the right (15) . To test this possibility, we analyzed the LDIPSC of noninjected preparations in the presence of carbachol (1 tkM to 0.1 mM) in the perfusing medium. In no case was an increase in MPSC amplitude calculated.
Thus, the larger unit conductance induced by carbachol on the postsynaptic membrane explains the increase in amplitude of the MPSC calculated after injection of carbachol into the presynaptic neuron. After the injection of carbachol, each quantum released probably consists of a mixture of AcCho and carbachol. The proportion of carbachol increases with the quantity of carbachol injected.
The other method we used to show release of carbachol from the presynaptic neuron takes advantage of the fact that release of AcCho is abolished by injection of AcChoE into the presynaptic neuron. This effect was attributed to the destruction of cytoplasmic AcCho in the terminal (5). Because carbachol is not hydrolyzed by AcChoE, injection into the presynaptic neuron should restore neurotransmission (Fig. 3) .
Injection of AcChoE led to depression of the postsynaptic response after a delay (Fig. 3A) , as previously reported (5) . The noise analysis showed that during the depression, the mean size of the MPSC was not changed. Presumably, fewer quanta were released. When the postsynaptic response, even to strongest stimulation, was clearly depressed, injection of carbachol led to the restoration of transmission (Fig. 3B) (19) .
Several interesting conclusions come from this work. The fact that carbachol can restore transmission after AcChoE injection indicates that the release mechanism was not affected by AcChoE and that the depression was presumably due to removal of AcCho, as initially proposed (5) . Also, the depression of the transmission by injected AcChoE was not due to the decrease in size of the individual quanta but to the decrease in the number of quanta released. Because AcChoE acted on the concentration of cytoplasmic AcCho, this observation is contrary to the idea that AcCho is released from a cell through an AcCho channel following its electrochemical gradient.
An increase in cytoplasmic AcCho or carbachol concentration leads to an increase in the number of quanta released (Fig. 1B) . One can ask whether this latter increase could be partly due to the depression of the late outward K+ current by the injected drugs, as reported for some quaternary ammonium ion compounds (20) . Because some distance exists between the clamp electrodes and the release site, the efficacy of the presynaptic voltage clamp characteristics might be thus changed. However, injection of bethanechol, which differs from carbachol by one methyl group, induced an even stronger depression of the outward K+ current without significantly changing the amplitude of the response nor that of the MPSC. This suggests the changes in quantal release after the injection of the agonist are not related to changes in the outward K+ current.
Thus, the changes of LDIPSC amplitude after AcChoE and AcCho injection seem in favor of the idea that the intracellular concentration of cytoplasmic AcCho somehow regulates the release mechanism by acting on the number of quanta released. Carbachol seems to be able to replace AcCho also in this respect.
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